FePtCu nanoparticles with varying composition were prepared by the simultaneous polyol reduction of platinum acetylacetonate and copper bis͑2,2,6,6-tetramethyl-3,5-heptanedionate͒ and the thermal decomposition of iron pentacarbonyl. As prepared the particles had a fcc structure with an average diameter of 3.5 nm and were superparamagnetic. Heat treatment of the self-assembled films at temperatures above 550°C transformed the particles from the fcc to the L1 0 phase, give in-plane coercivities as high as 9000 Oe. X-ray diffraction revealed that the Cu remained in the films and the presence of an extra peak, indicating a second phase was present. Consistent with two or more phases, the magnetic hysteresis curves could be decomposed into a hard component (H c Ͼ5000 Oe) and a soft component (H c Ͻ2000 Oe). Unlike our earlier results for Ag in FePt, adding Cu to FePt did not lower the temperature required for phase transformation from the fcc to the L1 0 phase.
INTRODUCTION
The report by Sun et al. 1 on the synthesis, self-assembly and magnetic properties of nanometer-sized FePt particles caused an explosion of interest in the use of these particles in granular magnetic recording media. Films containing selfassembled FePt nanoparticles must be heat-treated at temperatures above 550°C to transform the particles to the L1 0 phase having high magnetocrystalline anisotropy. 2 However, there was considerable particle coalescence and loss of particle positional order when the films were heated to temperatures above 550°C. 3 Particle coalescence leads to increased switching volumes and increases the distribution of particle volumes, which defeats the objective of making small monodisperse nanoparticles. The loss of positional order came from the decomposition of the surfactant layers thereby allowing particle motion. It would be highly desirable if the temperature required for the fcc to tetragonal phase transformation were lower, at least below temperatures where the particles coalesce, preferably below the temperature where the organic surfactants decompose.
Maeda et al. observed that adding copper into FePt sputtered films greatly reduced the ordering temperature. 4 For films containing ͓FePt͔ 85 Cu 15 the coercivity was 5000 Oe after annealing at 300°C, while H c for films containing FePt was only a few hundred Oe after annealing at 300°C. Takahashi and co-workers found that adding 4 at. % Cu into FePt sputtered films decreased the temperature required for fcc to L1 0 ordering from 500 to 400°C. 5 They suggested that the addition of Cu lowered the melting point for the alloy, increasing the atomic diffusivity, thereby enhancing the kinetics of ordering. These reports suggest the possibility of lowering the temperature needed to bring about the fcc to L1 0 phase transformation for FePt nanoparticles by adding copper. Accordingly we set about the task of preparing FePt nanoparticles containing Cu. Unlike sputtered thin films using a Cu target, a suitable chemical procedure had to be found for introducing Cu into FePt. Here we report on the synthesis of FePtCu nanoparticles and the effect of the added copper on the phase transformation temperature.
EXPERIMENT
All chemicals were purchased from Aldrich Chemical Company and used as received. The particle composition was determined by energy dispersive x-ray analysis on a Philips model XL 30 scanning electron microscope. X-ray diffraction ͑XRD͒ data were obtained on a Rigaku D/MAX-2BX horizontal ͑XRD͒ thin film diffractometer using Cu K␣ radiation alpha transmission electron microscopy. ͑TEM͒ and high resolution TEM images were obtained on a Hitachi HF-2000 FE field emission at 200 keV and JEOL-4000 EX at 400 keV TEM. Magnetic hysteresis loops were measured with a Princeton Measurements Model 2900 alternating gradient magnetometer ͑AGM͒ with a maximum field of 20 kOe.
The synthesis of Fe 45 Pt 44 Cu 11 nanoparticles: A 50 mL three-necked round bottom flask was equipped with magnetic stirring, a reflux condenser, a thermometer, a rubber septum, magnetic stirring, and an argon atmosphere. Teflon sleeves were used for all ground glass joints. To the flask was added 0.25 mmol platinum acetylacetonate, 0.08 mmol copper bis͑2,2,6,6-tetramethyl-3,5-heptanedionate͒, and 10 mL phenyl ether. The mixture was heated to 80°C, whereupon it turned brown. Then 0.50 mmol oleic acid, 0.50 mmol oleyl amine, and 0.1 mL ͑0.08 mmol͒ iron pentacarbonyl were added by syringe. The septum was replaced with a glass stopper and the reaction mixture heated to the reflux temperature of phenyl ether (ϳ260°C). After refluxing for 30 min, the reaction mixture was allowed to cool to room temperature, giving a dark dispersion. Ethanol ͑25 mL͒ was added to precipitate the particles and the particles were isolated by centrifuging. The particles were redispersed in hexane, precipitated with ethanol, and isolated by centrifuging. The particles were dispersed in a 50/50 mixture of hexane and octane, the dispersion cast onto either a silicon wafer or a carbon-coated TEM grid, and the solvent was allowed to evaporate at room temperature. The films were heat treated in a Lindberg tube furnace for 30 min in flowing 5% hydrogen in argon atmosphere.
RESULTS AND DISCUSSION
FePtCu nanoparticles were prepared by the simultaneous polyol reduction of platinum acetylacetonate and copper bis͑2,2,6,6-tetramethyl-3,5-heptanedionate͒, and the thermal decomposition of iron pentacarbonyl in diphenyl ether solution. Initial attempts to prepare FePtCu nanoparticles using copper acetylacetonate in dioctyl ether met limited success. FePt nanoparticles containing small amounts of copper were prepared, however the limited solubility of Cu(acac) 2 in dioctyl ether limited the amount of copper that could be incorporated into the particles. Copper bis͑2,2,6,6-tetramethyl-3,5-heptanedionate͒ was quite soluble in diphenyl ether, allowing great freedom to vary the copper content in the particles. In fact, the relative amounts of iron, platinum, and copper in the particles depended on the amount of iron, platinum, and copper charged to the reaction.
The synthesis, dispersion, and self assembly of the FePtCu nanoparticles was exactly what one would expect based on previous experience with FePt, FeCoPt, 6 or ͓Fe 49 Pt 51 ͔ 88 Ag 12 7 nanoparticles. In Fig. 1 is a low magnification TEM image of the particles, as prepared, showing the average particle size was about 3.5 nm in diameter. The inset selected area electron diffraction pattern in Fig. 1 and the x-ray diffraction in Fig. 2 show the particles had a fcc structure. The lattice fringes in the high resolution TEM image inset in Fig. 1 shows that the particles are single crystal fcc.
The films were heat treated in a tube furnace under flowing 5% hydrogen in argon for 30 min. The purpose of the hydrogen was to avoid oxidation. Unlike the case with films containing ͓Fe 49 Pt 51 ͔ 88 Ag 12 nanoparticles 7 or with FePt sputtered films containing Cu, to our dismay, there was no decrease in the temperature required to transform the FePtCu nanoparticles from the fcc phase to the L1 0 phase. In Fig. 2 7 where the Ag ͗111͘ peak appeared as the Ag phase separated for the FePt, there was no new peak at 2ϭ43.3°that could be attributed to the Cu ͗111͘ diffraction. Cu had remained in the particles. However, when heated to high enough temperatures, the films did transform to an L1 0 phase as indicated by the appearance of the superlattice peaks ͗001͘ and ͗110͘. In Table I are summarized the unit cell dimensions obtained from the x-ray diffraction data. For all compositions heat treated at 500°C, there were no superlattice diffraction peaks, indicating the particles remained in the fcc phase. ) is an iron-platinum-copper mineral from the Tulameen river area of British Columbia. 8 Tulameenite has a L1 0 phase with aϭ389.1 pm, c ϭ357.7 pm, and c/aϭ0.923. The ternary Fe-Pt-Cu phase diagram shows a one-phase region for FePtCu and other regions where the L1 0 phase and the fcc phase coexist. 9 Careful examination of the x-ray diffraction curves for the film heat treated at 700°C ͑Fig. 2͒ revealed an extra peak near 2ϭ48.5°, between the ͗200͘ and the ͗002͘ peaks. This peak may be due to the presence of a small amount of the fcc phase. The extra peak was not seen for Fe 48 Pt 40 Cu 12 .
The coercivities (H c ) of the four FePtCu compositions, along with those of Fe 48 Pt 52 , after annealing at temperatures T a up to 700°C are listed in Table II 52 . In addition, the temperature required for significant coercivity enhancement is higher for the particles with copper. This is in sharp contrast to sputtered FePtCu films, in which the coercivity enhancement occurs at much lower temperatures relative to sputtered FePt.
All FePtCu compositions heat-treated at 700°C showed sheared magnetic hysteresis curves, suggesting a mixture of hard and soft phases. The curves could be decomposed into hard and soft components. The coercivities of the hard and soft components are listed in Table II 52 . In all cases, the shape of the loops suggests that the maximum field of the AGM is not sufficient to saturate the loops and that the actual coercivities are higher. These results are consistent with the XRD spectra that suggest phase segregation of the FePtCu particles into L1 0 and disordered fcc phases. The hysteresis loop for the Fe 48 Pt 40 Cu 12 particles has the weakest soft magnetic fraction (Ͻ20%), which is consistent with the fact that the XRD shows no evidence of a cubic phase. The soft magnetic phases may also consist of iron oxides which, if disordered, would not exhibit well-defined XRD peaks.
For the case of FePt nanoparticles containing Ag, the Ag phase separated from the particles, leaving behind lattice vacancies that allowed the Fe and Pt atoms to move to their L1 0 lattice positions at lower temperatures. Here the Cu remained in the FePt lattice to make a FeCuPt alloy, which transformed at higher temperatures to the L1 0 phase. Our results were quite different from the results for sputtered FePt films containing Cu, even though we prepared particles with compositions ͑11%-15% Cu͒ that gave a strong reduction in the ordering temperature for the sputtered films. 4 Furthermore, two of the compositions had a nearly 1:1 ratio of Fe to Pt. It is difficult to understand why the results for chemically synthesized FePtCu were different from that for sputtered films. Perhaps, it is the form of the materials asprepared. Single crystal fcc particles were obtained from the chemical synthesis. 
